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Abstract 
 
     A new procedure has been introduced to enhance catalytic activity of ruthenium-
selenium electro-catalysts for oxygen reduction, in which materials are treated under 
hydrogen atmosphere at elevated temperatures. The characterisation using scanning 
electron microscopy, energy dispersive spectroscopy or energy dispersive x-ray 
spectroscopy exhibited that the treatment at 400 °C made catalysts denser while their 
porous nature remained, led to a good degree of crystallinity and an optimum Se:Ru 
ratio. The half cell test confirms feasibility of the new procedure; the catalyst treated 
at 400 °C gave the highest reduction current (55.9 mA cm-2 at – 0.4 V) and a low 
methanol oxidation effect coefficient (3.8%). The direct methanol fuel cell with the 
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RuSe 400 °C cathode catalyst (2 mg RuSe cm-2) generated a power density of 33.8 
mW cm-2 using 2 M methanol and 2 bar oxygen at 90 °C. The new procedure 
produced the catalysts with low decay rates. The best sample was compared to the Pt 
and to the reported ruthenium-selenium catalyst. Possible reasons for the observations 
are discussed. 
Keywords: Electrocatalysis. Direct methanol fuel cell. Oxygen reduction reaction. 
Ruthenium-selenium chalcogenides. Methanol tolerant cathode materials 
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1. Introduction 
 
     The main obstacles to commercialisation of fuel cells are high cost, low power 
density and low practical efficiencies. One of the reasons is the poor cathode 
performance due to highly irreversible oxygen reduction reaction (ORR) and the 
negative effect of fuel crossover [1, 2]. In a direct methanol fuel cell (DMFC), 
methanol crossover from anode to cathode causes a loss of fuel for the anode reaction 
and introduces parasitic currents due to methanol oxidation at the cathode, resulting in 
a loss in cell voltage. For example, a potential loss of 0.1 V at the platinum-based 
cathode and a 25% reduction in overall fuel efficiency was observed originating from 
the losses due to methanol crossover [1].  
     An option to tackle the methanol crossover is to use Pt alloy cathodes such as PtCr, 
PtFe, PtCo and PtNi which have better methanol tolerance than Pt cathode due to the 
improved electronic and geometric structures [3, 4]. Another approach is to use 
carbon-supported macrocycles and their derivatives of Fe or Co, e.g. iron 
tetramethoxyphenyl porphyrin, as cathodes. These catalysts show improved methanol 
tolerance, although they have lower mass-specific activity and stability, compared to 
Pt [5, 6]. Ruthenium chalcogenide catalysts, e.g. RuSeMo and RuSRh, have been 
investigated intensively as methanol tolerant cathode materials [7-10]. In the early 
days, this type of material was synthesised using elemental precursors by solid-state 
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reactions at high temperatures (500~1200 °C) under vacuum conditions [11]. The 
most popular method, however, is to decacarbonylate cluster carbonyls in xylene 
under refluxing conditions for 20 h [8-10, 12-15]. Other solvents, such as 
dichlorobenzene [16] and 1,6-hexanediol [17], were also used. The produced 
materials were characterised using scanning electron microscope, transmission 
electron microscope, X-ray diffractometer and X-ray photoelectron spectroscopy in 
terms of catalyst compositions and structures [14, 15, 18]. The electrocatalysis of 
ORR on these materials was evaluated in half cells and in fuel cells, which showed 
that these catalysts have reasonably high activity and high selectivity for ORR [7-10, 
12, 14, 15, 18]. A combination of Ru with Se at a proper Se:Ru ratio increases the 
activity towards ORR, compared to Ru alone, which is attributed to functions of Se as 
oxygen adsorption site and electron bridge [7, 8]. Overall, the activity and stability of 
the RuSe catalysts are still to be improved for technical applications. The previous 
work adopted similar preparation procedures and seldom gave special attention to 
post thermal treatment [7-10]. Hence, in this study carbon-supported RuSe catalysts 
are investigated, fabricated with the same procedure using the same raw chemicals, 
but subjected to different final thermal treatment conditions. The obtained catalyst 
samples are analysed for their electrochemical performance in half-cells as well as in 
fuel cells.  
 
2. Experimental 
 
2.1. Preparation and characterisation of catalysts 
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     Low-temperature synthesis was used to prepare ruthenium-selenium catalysts [8, 
10]. For example, 0.04 g selenium (99%, Riedel-deHaen) was dissolved in 500 ml of 
boiling xylene (anhydrous, 97%, Aldrich), which was dried using molecular sieve (4-
8 mesh, Aldrich) for overnight before use, for 2 h. 0.5 g ruthenium carbonyl, 
Ru3(CO)12 (99%, Aldrich), was then added to the solution and refluxed for 12 h. 
Finally, 0.5 g carbon powder (Vulcan XC-72R, Cabot) was added to the solution and 
refluxed for another 20 h. The solution was bubbled with nitrogen gas (BOC) under 
mechanical stirring throughout the procedure. The products were filtered, washed 
with dry ether and dried overnight; then transferred into a porcelain boat, which was 
put in a quartz tube contained in an electric oven and connected tightly to a nitrogen 
and hydrogen manifold. The sample was annealed at 100, 200, 300, 400, 500 or 600 
°C for 1 h under 0.1 litres per minute hydrogen (BOC) before being cooled to room 
temperature at 0.1 litres per minute nitrogen (BOC). The products were referred to as 
RuSe as prepared or RuSe T °C (T = 200, 400 and 600 etc.).  
     Scanning electron microscope (SEM) and energy-dispersive X-ray (EDX) analyses 
were carried out using a JEOL JSM-5300LV scanning electron microscope at an 
acceleration voltage of 25 kV, combined with a ROUTEC UHV Dewar Detector. All 
treated samples had the same initial composition prior to thermal treatment, which 
was ensured by using the same synthesis procedure and was proved by the EDX 
analyses. Mean values are given and the experimental error in terms of the Se content 
is less than 5%, compared to the mean values. 
     X-ray diffraction (XRD) analysis was performed using a Cu Kα radiation with a 
Siemens D-5005 X-ray Diffractometer at a tube current of 100 mA and a tube voltage 
of 40 kV. The 2θ angular regions between 20 and 100 ° were explored at a scan rate 
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of 2 ° min-1. The XRD patterns were compared to the International Centre for 
Diffraction Data® (ICDD®) [19].  
 
2.2. Half cell test 
 
     The half cell test was carried out in an undivided glass cell (200 cm3 in volume) 
with a circular working gas diffusion electrode (1.0 cm2), a Pt mesh (20 cm2, 99.99%, 
Goodfellow) counter electrode and an Hg/Hg2SO4 (saturated K2SO4) reference 
electrode (Russell). The working electrodes have a loading of 1 mg RuSe cm-2 or 1 
mg Pt cm-2 (using 60 wt.% Pt on Vulcan XC-72R carbon black, E-TEK). They were 
prepared by pasting a mixture of the catalyst and Nafion (30 mass-% of the overall 
catalyst weight using 5 mass-% Nafion solution (Aldrich) in iso-propanol onto the 
carbon paper (TGPH120, E-TEK). After hot-pressing at 100 kg cm-2 and 130 °C, the 
electrodes were mounted in a PTFE holder, which was designed to allow gasses pass 
at the rear-side of the electrode and penetrated into solution via the front face of the 
electrode.  
     Cyclic voltammetry and steady-state potentiostatic polarisation were performed 
using a 10A-20V Ministat Potentiostat system (Sycopel Scientific Limited, UK). The 
electrolyte was a 0.5 M H2SO4 (AnalaR, BDH) solution, with and without methanol 
(99.99%, Fisher), prepared using deionised water (ELGASTAT B124 Water 
Purification Unit, the Elga Group, England). A fresh solution, de-aerated using 
nitrogen or saturated with oxygen (25 cm3 min-1, BOC), was used in each run. All 
working electrodes were pre-treated by cycling between 0.3 V and – 1.0 V for 50 
cycles at a scan rate of 50 mV s-1.  
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     A methanol oxidation effect coefficient (χ), i.e. a percentage of current reduction 
due to the presence of methanol, is defined as: 
     χ = 
0
0
j
jj Methanol−
                                                                                    (1) 
where j 0  and j Methanol  (mA cm-2) are absolute values of net current density at – 0.4 V 
vs. Hg/Hg2SO4 (saturated K2SO4) in the blank and methanol solutions, respectively. 
They are expressed as: 
     j 0  = (j 2O  – j 2N ) Blank                                                                                    (2) 
     j Methanol  = (j 2O  – j 2N ) Methanol                                                                         (3) 
where j
2O  and j 2N  are absolute values of current density collected at 3 min in 
solutions saturated with oxygen and nitrogen, respectively.  
 
2.3. Fuel cell test 
 
     The gas diffusion layers were made using Ketjen-300J carbon black (1 mg cm-2, 
Akzo Nobel), Teflon (20 mass-% Teflon, Aldrich, of the overall catalyst weight) and 
a carbon paper (Toray, TGPH120, E-TEK). Nafion® ionomer (15 mass-% of the 
overall catalyst weight) and iso-propanol were used to prepare inks for catalytic 
layers. Catalyst loadings were 1.52 mg PtRu cm-2 for anodes (using 60 wt. % PtRu on 
Vulcan XC-72R with the atomic ratio of Pt to Ru 1:1, E-TEK) and 2 mg RuSe cm-2 
for cathodes. A loading of 1 mg metal cm-2, which was adopted in [12], was also used 
for comparison. But no comparison between electrodes and MEAs with different 
loadings was made because of possible errors introduced from their differences in 
densities and dispersions, etc. For example, in our cases, the differences in thickness 
between the MEAs with a loading of 1 or 2 mg metal cm-2 were around 100 µm, 
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estimated taking account of the catalyst composition, the catalyst loading and the 
apparent density of the Vulcan XC-72R carbon powder. The desired amounts of 
catalyst materials were weighed for each electrode before making membrane 
electrode assemblies (MEAs). Finally, a thin layer of Nafion (1 mg cm-2) solution was 
spread onto the electrode surface. Membrane electrode assemblies were obtained by 
pressing the anode and cathode on either side of a Nafion® 117 membrane (DuPont) 
under a pressure of 50 kg cm-2 at 130 °C for 3 min.  
     The DMFC was assembled to allow good contact between electrodes and graphite 
blocks (Ralph, Coidan), into which the gas/liquid flow channels were cut. The total 
machined geometrical area of 4 cm2 was taken as the active area of the cell. Copper 
sheets contacted the graphite blocks as current collectors. Electrical heaters were 
mounted at the rear of the Cu plates to maintain desired cell temperature. The 
temperature was controlled through a temperature controller and monitored by 
thermocouples buried in the graphite blocks. Steady-state polarisation measurements 
were carried out following 2 days conditioning, during which the cell was held at 60 
°C and fed with deionised water in order to hydrate the membrane. Polarisation 
curves were recorded in a galvanostatic mode, starting from open circuit point and 
moving to higher current densities.  
 
3. Results and discussion 
 
3.1. Material characteristics  
 
     Figure 1 shows SEM spectra for three typical carbon-supported RuSe samples, 
which clearly exhibit the influence of the new procedure on surface morphologies. 
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The cauliflower-like agglomerates, consisting of clusters of nanoparticles with size 
ranging from 60 to 350 nm, can be seen for the RuSe as prepared. The RuSe 400 °C 
becomes denser than the RuSe as prepared while porous nature is remained, implying 
a reconstruction of the Ru and Se particles. The porous morphologies are severely 
damaged for the RuSe 600 °C where most cauliflower-like agglomerates are replaced 
by clusters of needle shaped crystallites. Correspondingly, the EDX analyses show 
significant change in material composition with increasing temperature (Table 1). The 
RuSe 200 °C appears to be slightly deficient in Se, compared to the RuSe as-prepared. 
Ratio of Se:Ru decreases to around 0.15 for the RuSe 300 and 400 °C samples. The 
Se:Ru ratio decreased to 0.07 and 0.04 at 500 and 600 °C, respectively.  
     The above observations are confirmed using XRD (Figure 2). The amorphous 
scattering hump appears at approximate 25 ° 2θ, is related to (002) plane of the 
hexagonal structure of Vulcan XC-72R carbon black as previously reported [3]. The 
RuSe as prepared sample is highly amorphous, as indicated by the broad diffraction 
peak (Fig. 2, “RuSe as prepared”). Degree of crystallinity increases with increasing 
temperatures and the measured crystallographic planes are similar to those of pure Ru 
crystals (Fig. 2), i.e. (100), (002), (101), (102), (110), (103) and (112) etc. The RuSe 
600 °C displays the highest degree of crystallinity, as indicated by its relatively sharp 
diffraction maxima [20] and more crystal planes, i.e. (200), (201), (004) and (202). As 
signals for Ru and Se peaks appear at similar angles in XRD spectra and the Se 
signals are weaker than those of Ru, in addition to the low degree of crystallinity of 
most samples, so that no further effort was made to distinguish them and to obtain the 
quantitative structural information. However, the XRD spectra do show the effect of 
the new procedure on the degree of crystallity of the chalcogenides. 
 
 10 
3.2. Electrochemical behaviour in half cells 
 
     Figure 3 shows the cyclic voltammetry data collected using the RuSe 400 °C gas 
diffusion electrode in a solution of 0.5 M H2SO4 and 1 M methanol. Qualitatively, the 
activity of the RuSe 400 °C catalyst for ORR can be seen by comparing the curve 
recorded in the oxygen-purged solution to that with nitrogen. No anodic peak was 
observed in the 1 M methanol solution, suggesting that the catalyst has low activity 
towards electrochemical oxidation of methanol. This is an advantage for application 
as cathode in the DMFC. The currents for ORR increase rapidly and they are negative 
during the reverse sweeps, suggesting a high irreversibility of ORR at the electrode. 
The cyclic voltammogram of the RuSe 300 °C is slightly different from that of the 
RuSe 400 °C, for clarity, is not included in Fig. 3. Table 2 shows the data in net 
reduction current density and methanol oxidation effect coefficient obtained using the 
potentiostatic technique. The highest reduction current (55.9 mA cm-2) and a low 
methanol oxidation effect coefficient (3.8%) are observed for the RuSe 400 °C 
catalyst. The samples treated at 100 and 200 °C or without treatment have the low 
activity for ORR. The performance becomes worse beyond 400 °C (Fig.3 and Table 
2), presumably due to loss of the optimum ratio of Ru to Se. Overall, the results 
demonstrate the positive effect of the new procedure on the catalyst properties and the 
best results can be achieved at 400 °C. 
     The measurements in half cells provided the useful data to evaluate activity and 
methanol tolerance of the materials. However, conditions used in a half cell are quite 
different from those experienced in fuel cells, where no aqueous electrolyte is present. 
Hence the carbon-supported RuSe cathode materials were tested in the DMFCs 
regarding their activity, methanol tolerance and stability.  
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3.3. Evaluation of the chalcogenides in fuel cells 
 
3.3.1. Influence of cathodes 
 
     Figure 4 compares the performance of the MEAs with three chalcogenide 
cathodes. The MEA with the RuSe 400 °C delivers the best performance, e.g. a 
current density of 100 mA cm-2 at 0.15 V, which is higher than those using the RuSe 
200 °C (14 mA cm-2) and RuSe 600 °C (40 mA cm-2). Not surprisingly, these results 
are in agreement with those observed in the half cell test. The DMFC test provides the 
convincing evidence to verify that the treatment of RuSe catalysts at 400 °C leads to 
the highest activity towards ORR while the good methanol tolerance can be 
maintained even under the negative effect of methanol crossover. This highlights the 
beneficial effect of the treatment at 400 °C on the catalyst composition, the structure 
and properties. Hence, the new procedure is suitable for preparation of this type of 
catalyst.  
 
3.3.2. Influence of fuel conditions 
 
     Figure 5 shows the methanol tolerance of the RuSe 400 °C cathode under the 
DMFC conditions; the performance is better by using 6 M fuel than that using 1 M 
fuel, which demonstrates that the high methanol tolerance of the chalcogenides can be 
maintained after treating at 400 °C, presumably because its intrinsic high methanol 
tolerance is less affected by increasing methanol concentration. As expected, the 
much better performance is achieved at 90 °C compared to at 60 °C (Fig. 5), indicated 
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that the improved electrode kinetics counteracts the the increased effects of methanol 
crossover. Although the methanol crossover is enhanced with increasing temperature, 
the high methanol tolerance of the RuSe catalysts is still maintained even at 90 °C.  
 
3.3.3. Influence of oxidant conditions 
 
     Figure 6 shows influence of the oxidant conditions on the DMFC performance. 
Higher power densities are achieved by using oxygen rather than air, e.g. 20.7 vs. 12.5 
mW cm-2 using 2 M methanol. A further increase is observed at high pressures, e.g. 
33.8 mW cm-2 at 2 bar oxygen as a result of increasing oxidant supply concentration, 
which leads to the increased reversible potentials of the DMFC reactions and the 
increased exchange current densities for ORR.  
 
3.3.4. Stability of the chalcogenides 
 
     Figure 7 compares the change in cell voltage at a constant current density of 20 
mA cm-2 for the DMFCs with different cathodes in a period of 100 h. The DMFC 
with the RuSe 400 °C cathode shows better stability than that with the RuSe 200 °C 
cathode, as indicated by the decay rates, i.e. 0.88 versus 1.86 mV h-1. As can be seen, 
the stability of the RuSe/C catalysts over an extended period is still a matter of 
concern and a further improvement is required. However, in this study the beneficial 
effects of treating catalysts at 400 °C on the catalyst stability are seen from the data in 
decay rate. 
 
3.4. Discussion of the thermal treatment effect 
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     The positive effect of the new procedure on properties of chalcogenides may 
attribute to the following aspects: 
     (i) The residual substances from the synthesis may occupy some pores of the 
catalysts. The thermal treatment benefits to remove these residues and to empty the 
pores which may be filled by new active sites, formed from interactions between Ru, 
Se and C during the thermal treatment. This makes the catalysts more active. The 
process is related to temperature; the higher the temperature, the more complete is the 
process of removing the residues and emptying the pores.  
     (ii) As confirmed using XRD, crystallisation occurs during the heat treatment, e.g. 
lines for the crystalline ruthenium are observed at 2θ = 38.5, 42.2, 44.1 and 58.4° 
(Fig. 2), which causes structural transition from an amorphous to a metallic state. The 
increase in degree of crystallity results in a reduction in material resistance, e.g. the 
resistances are 6124, 4585 and 4260 kΩ for the fuel cells with RuSe as prepared, 
RuSe 400 °C and RuSe 600 °C cathodes, respectively, at ambient temperature.  
     (iii) As it was well known, oxygen groups sticking to carbon support enhance 
metal sintering. The heat treatment under H2 atmosphere reduces these groups, as 
indicated by the fact that no ruthenium oxides were detected in the XRD 
measurements. Such a reduction decreases material sintering and, thus, increases 
stability of RuSe catalysts. Here Se plays an important role in stabilising the RuSe 
active sites against oxidation because Ru easily forms ruthenium oxides in air. Heat 
treatment is often associated with increasing the strength of material due to 
solidification of particles, which partially attributed to increased stability of the 
treated materials.  
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     (iv) The heat treatment has the significant effect on the catalyst composition, as 
shown in Table 1, where selenium suffers the most significant effect because it has 
low melting point (221 °C) and is easily reacted with hydrogen to form hydrogen 
selenide (H2Se), a volatile hydride gas [21, 22]. The fact that not all of Se reacted with 
H2 to form volatile H2Se gas suggests that the remaining Se has very strong chemical 
bond (combination) to the Ru and C particles, which contributed to the high activity 
and high stability of the catalysts. Based on the EDX and XRD data, it is reasonably 
assumed that the presence of new RuSe active sites after the heat treatment act as 
electron reservoir and provide the adsorption sites for oxygen. The formation of such 
an active site is responsible for the higher activity and stability of the catalyst, 
although its real structure has to be identified.  
 
3.5. Comparison of different materials 
 
     Table 3 compares data collected from the DMFCs with the RuSe 400 °C and Pt 
cathodes. A loading of 1 mg metal cm-2 was used for both anodes and cathodes and 
1.5 bar oxygen was used in this part of work in order to compare to the reported 
results [12]. Platinum, a widely used cathode material for DMFCs at the moment, 
shows the better performance in terms of power density and sustained current density 
under all conditions. The DMFC with the RuSe °C cathode displays the improved 
performance with increasing methanol concentration; the OCV decreases slightly and 
the peak power density increases from 20.5 to 34.1 mW cm-2, corresponding to an 
increase in methanol concentration from 1 to 4 M (Fig. 5 and Table 3). But for the 
DMFC with the Pt cathode, the OCV decreases 54 mV and the peak power density 
decreases from 58.8 to 44.8 mW cm-2. These results agree well with the results from 
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the half cell measurements (Table 2), suggesting the better methanol tolerance of the 
RuSe 400 °C cathode, compared to the Pt. However, the catalytic activity of the 
chalcogenides is still lower than platinum and a further improvement is required, as 
indicated by the data in Fig. 5 and Table 3. Regarding stability, as shown in Fig. 7, the 
decay rates are 0.59 and 0.88 mV h-1 in a period of 100 h for the DMFCs with the Pt 
and that with the RuSe 400 °C cathodes, respectively, suggesting a better stability of 
the Pt cathode. This means that the stability of the RuSe catalysts over an extended 
period is still a matter of concern. This constitutes a direction for further work. 
Overall the beneficial effect of the treatment of catalysts at 400 °C on the catalyst 
stability is confirmed, as compared the decay rate for the DMFC with the RuSe 400 
°C cathode to that with the RuSe 200 °C cathode. 
     Table 3 shows the literature data obtained using 1.7 bar methanol and 1.5 bar 
oxygen with the MEA loaded with 1 mg RuSe or Pt cm-2 for the cathode and the 
anode, respectively [12]. As can be seen, the RuSe 400 °C cathode shows the better 
performance, even through the former is achieved using a high pressure fuel, which 
can be attributed to the positive effect of the thermal treatment. This comparison also 
predicts a margin to improve our catalysts, although there are some incomparable 
conditions, e.g. differences in fuel conditions and catalyst supports.  
 
4. Conclusions 
 
     The new procedure has been successful in improving the catalytic activity of 
ruthenium-selenium electro-catalysts for oxygen reduction while maintaining their 
high methanol tolerance. The catalyst with a porous structure, an optimum Se:Ru ratio 
and a high degree of crystallinity can be produced at 400 °C, which results in the 
 16 
highest reduction current (55.9 mA cm-2 at – 0.4 V) and a low methanol oxidation 
effect coefficient (3.8%) in the half cell.  
     As consistent with the half cell data, the DMFC with the RuSe 400 °C cathode 
catalyst delivers higher peak power densities than that with the RuSe 200 °C, e.g. 15.5 
vs. 2.1 mW cm-2 at a loading of 2 mg RuSe cm-1 using 1 M methanol and 0 bar 
oxygen at 90 °C. The RuSe catalysts exhibit high methanol tolerance, as suggested by 
comparing the data in power density achieved in the DMFC with the RuSe 400 °C 
cathode using 4 M fuel to that using 1 M fuel, i.e. 34.1 vs. 20.5 mW cm-2 at 1.5 bar 
oxygen at loadings of 1 mg metal cm-2 for the anode and cathode. The beneficial 
effect of the treatment at 400 °C on the catalyst stability is proved, as indicated by the 
decay rates, e.g. 0.88 vs. 1.86 mV h-1 in a period of 100 h for the DMFC with the 
RuSe 400 °C cathode and that with the RuSe 200 °C, respectively. The results display 
the temperature limit, i.e. around 400 °C, beyond which increasing temperature does 
not lead to better performance. 
     The power densities are 20.5 and 58.8 mW cm-2 for the DMFCs with the Pt and the 
RuSe 400 °C cathodes, respectively, under the condition of 1 M methanol, 1.5 bar 
oxygen and a loading of 1 mg metal cm-2. This means that the high methanol 
tolerance of the RuSe catalysts hardly compensates for their low intrinsic activity 
towards oxygen reduction. The Pt has higher stability than the RuSe catalysts, as 
indicated by the decay rates, e.g. 0.88 vs. 0.59 mV h-1 in a period of 100 h for the 
DMFCs with the Pt and the RuSe 400 °C cathode catalysts, respectively. The 
performance achieved using the DMFC with the RuSe 400 °C cathode is better than 
the reported data collected in the DMFC with the RuSe cathode, even through the 
latter used a high pressure fuel (1.7 bars). 
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     Advantages of the new procedure may be attributed to several aspects, such as 
removing precursor residues from catalyst pores, increasing degree of crystallity of 
catalysts, stabilising the catalyst active sites against oxidation by selenium and the 
formation of optimum composition etc.  
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Captions 
 
Figure 1. Scanning electron micrographs of (a) the RuSe as prepared, (b) the RuSe 
400 °C and (c) the RuSe 600 °C at a magnification of 15000.  
 
Figure 2. Powder XRD patterns of the carbon-supported RuSe materials.  
 
Figure 3. Cyclic voltammograms on the RuSe 400 °C gas diffusion electrode. 
Undivided glass cell. Scan rate: 50 mV s-1. Temperature: 18 ± 0.5 °C. The arrows 
indicate scan directions. 
 
Figure 4. Data for the DMFCs with the carbon-supported RuSe cathodes (2 mg RuSe 
cm-1). Fuel: 1 M methanol (10 cm3 min-1). Oxidant: O2 (ambient pressure, 200 cm3 
min-1). Temperature: 90 °C. 
 
Figure 5. Effect of fuel conditions on the DMFC performance. Fuel conditions: as 
shown in the figure. Other conditions as in Fig. 4. 
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Figure 6. Effect of oxidant conditions on the DMFC performance. Oxidants: as shown 
in the figure. Fuel: 2 M methanol (10 cm3 min-1). Other conditions as in Fig. 4. 
 
Figure 7. Cell voltage changes with time for the DMFCs with the carbon-supported 
RuSe (2 mg RuSe cm-2) and the Pt/C (2 mg Pt cm-2) cathodes. Controlled current 
density: 20 mA cm-2. Temperature: 60 °C. Other conditions as in Fig. 4. 
 
 
 
 
 
 
 
          2 µm 
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Figure 1 (a) 
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Figure 1 (b) 
 
 
 
 
 
 
 
 
 
 
 
 
                      2 µm 
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Figure 1 (c) 
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______Table 1. Atomic composition of RuSe/C catalysts_ from EDX analyses_____ 
Sample                            C/%           Ru/%         Se/%          Se:Ru ratio        Formula_ 
RuSe as prepared           86.19          11.03          2.78                 0.25             RuSe0.25 
RuSe 200 °C                 85.18           11.89          2.92                 0.25             RuSe0.25 
RuSe 300 °C                 88.70             9.79          1.52                 0.16             RuSe0.16 
RuSe 400 °C                 88.28           10.25          1.49                 0.15              RuSe0.15 
RuSe 500 °C                 87.25           11.91          0.84                 0.07              RuSe0.07 
RuSe 600 °C                 88.72           10.85          0.43                 0.04              RuSe0.04_ 
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_______________Table 2. Data from the half-cell measurementsa_______________ 
Sample                                   j0/mA cm-2              jMethanol/mA cm-2                    χ/%__ 
RuSe as prepared                          3.3                                3.2                              3.0 
RuSe 200 °C                                 5.2                                5.1                              1.9 
RuSe 300 °C                               53.6                              51.1                              4.7 
RuSe 400 °C                               55.9                              53.8                              3.8 
RuSe 500 °C                                 7.8                                6.8                            12.8 
RuSe 600 °C                                 6.2                                5.4                            12.9 
Pt                                                 76.8                              60.2_                          21.6__ 
a
 Data were collected at – 0.4 V. Other conditions as in Fig. 3.  
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________Table 3. Comparison of cathode materials under DMFC conditions_______ 
Cathode                          RuSe 400 °C a                 RuSe b                _         Pt a_____ 
C (CH3OH)/M                   1               4                 unknown                   1              4___ 
OCV/V                           0.586        0.582                  0.648                 0.602      0.548 
PPeak/mW cm-2                 20.5          34.1                     32.5                   58.8        44.8 
jMaximum/mA cm-2             195           310                 unknown                 475         460_ 
a
 Catalyst loading for the anodes and the cathode: 1 mg metal cm-2. Support for the 
MEA: carbon paper. Fuel: 0 bar methanol.  
b
 Ref. 12. Catalyst loading for the anodes and the cathode: 1 mg metal cm-2. Support 
for the MEA: carbon cloth. Fuel: 1.7 bar methanol.  
 
 
